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By Joseph W. Cleary 
SUMMARY 


Wings having aspect ratios of №, 3, and 2 with a plan-form taper 
ratio of 0.5 and a thickness taper ratio of 0.33 were investigated to 
determine their transonic longitudinal characteristics and the effects 
of tapering thickmess ratio. These wings were structurally related by 
an increase in thickness ratio proportional to the aspect ratio on the 
basis of simple loading considerations. The tests were made for а Mach 
number range from 0.60 to 1.10 using the wind-tunnel-bump testing 
technique. 


The results show that for the selected criterion of equal bending 
stress, the resultant combined effects of reducing aspect ratio and 
thickness ratio produced large reductions in minimum drag and gave 
greater maximum lifte-drag ratios at low supersonic Mach numbers. Ав 
would be expected, decreasing the aspect ratio reduced the lift-curve 
slope throughout the Mach number range, overshadowing the effect of 
reduced thickness ratio. Good agreement was indicated for the lift- 
curve slope and the drag characteristics between the wings tapered in 
thickness ratio and the wings of equivalent uniform thickness ratio. 


INTRODUCTION 


Tapering the thickness ratio of а wing may permit savings in _ 
structural weight by providing a more efficient distribution of 8tress. 
In addition, Рог the same root-bending stress, tapering thickness ratio 
Will improve the transonic aerodynamic characteristics by decreasing 
the effective thickness of the wing. 


An experimental research program has been conducted at the Ames 
16-foot high-speed wind tunnel to investigate the transonic longitudinal 
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characteristics of a large number of wings of related plan form and 
section using the bump testing technique. Some of the results have been 
published in references 1 to 5 to show the effects of systematic varia- 
tions of aspect ratio, camber, thickness, and plan-form and thickness 
taper ratios. Ав part of this research program, tests were made to show 
the relation of the aerodynamic parameters of wings having aspect ratios 
of 4, 3, and 2 and having thickness ratios tapered in accordance with a 
simple structural criterion. The structural criterion relating the 
three wings was based on maintaining the same bending stress in all 
wings for a given percent span and lift coefficient while keeping the 
plan-form taper ratio and thickness taper ratio constant. The wings 
were assumed solid and the Loading on each section was assumed рго- 
portional to the chord. As a consequence of these assumptions, the 
thickness ratios of the wings were directly proportional to their aspect 
ratio, and the stress was independent of the size or scale of the wings. 
Thus, direct comparisons can be made on the basis of equal load-carrying 
capacity if the small differences in Reynolds number between the wings 
can be ignored. 


NOTATION 
Ст drag coefficient, tice Spem cr 
а 
Cr, lift coefficient, 29:22 ваша en Lift 
Ч 
C maximum lift coefficient 
Lmax 
Cm pitching-moment coefficient, referred to 0.252, 
twice semispan pitching moment 
аве 
ђе 
А agpect ratio, T. 


( = ) maximum lift-drag ratio 
max 


Mach number 
local Mach number 


total wing area (twice wing area of semispan model), sq ft 


n 


заети” 
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ү velocity, ft/sec 

b twice span of semispan model, ft 

с local wing chord, ft 

e о b/2 2 

с mean aerodynamic chord, Е / ссау, ft 
О 

а dynamic pressure, 5072, 1ъ/ва fU 

2 thickness-to-chord ratio. 

y spanwise distance from plane of symmetry, ft 

а, angle of attack, deg 

А рјап-Рокш taper ratio 

р air density, slugs/cu ft 


MODELS AND APPARATUS 


Models 


The plan forms of the wings and the pertinent dimensional даља, 
defining the geometry of the wings аге shown in figure 1. Ав can be 
seen from this figure, the plan forms of the three wings Һай the same 
root and tip chords (taper ratio of 0.5) and zero sweep of the 0.5c 
line. Symmetrical 63A-series sections and а thickness-r&atio taper of 
0.33 were used for all wings. Straight lines were used to join the 
root and the tip giving the thickness-ratio variations shown іп figure 2. 


Apparatus 


The wings were mounted on the transonic bump in the Ames 16-foot 
high-speed wind tunnel as shown in figure 3. A detailed description 
of the bump is given in reference 6. Aerodynamic forces and moments 
were measured by а strain-gage balance mounted inside the bump. A 
fence was attached to the wings near the bump surface to restrict the 
flow of air through the gap in the surface (see figs. 1 and 3). 
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TESTS AND PROCEDURE 


Range of Test Variables 


The investigation was made for a range of Mach numbers from 0.60 
to 1.10 with a corresponding Reynolds number range from about 1.5х108 
to 1.8x108. Lift, drag, and pitching moment of the wings were measured 
as the angle of attack varied from about -2° to 2490. This range of 
angles of attack was reduced at higher Mach numbers because of limita- 
tions of wing strength or equipment. 


Reduction of Data 


Tere corrections have been applied to the drag to &ccount for the 
effects of the wing fence. These tares were ascertained by cutting a 
wing flush with the fence and measuring the drag of the remaining fence 
and support combination. Мо &ttempt was made to correct the даља, for 
tbe effects of fence interference or leakage since no adequate method 
of evaluation was known. 

The test Mach numbers represent mean values of the local Mach num- 
bers that were measured over the bump in the region occupied by the 
wings. Typical local Mach number contours are illustrated in figure 8 
to indicate the gradients that existed over the wings. Although the 
local Mach number gradients increased with increasing Mach number, the 
effects of these gradients on the results of the teste are believed to 
be small and probably confined largely to a rounding off of the force 
breaks. The comparison of bump and center-of-tunnel data for other 
wings made in reference 7 is believed typical of the agreement that 
could be expected for the wings reported herein. 


RESULTS AND DISCUSSION 


Combined Effects of Aspect Ratio and Thickness Ratio 


The lift, pitching-moment, and drag characteristics of the 
structurally related wings are presented in figures 5, 6, and 7 for 
wings having aspect ratios of 4, 3, and 2, respectively. As previously 
discussed in the introduction, the structural criterion relating the 
three wings was based on maintaining the same bending stress in the 
wings for a given percent span and lift coefficient. One of the results 
of the assumption of this criterion was that the thickness ratios of 
the wings were directly proportional to their aspect ratios. To 
iliustrate more clearly the combined effects of reducing aspect ratio 
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and therefore thickness ratio, а direct comparison of the data for the 
three wings is made in figure 8 for Mach numbers of 0.70 and 1.06. The 
comparison made in figure 8 shows that reducing the aspect ratio and the 
thickness ratio decreased the lift-curve slope and increased the drag 

due to lift for both Mach numbers. These effects are attributed primarily 
to decreasing the aspect ratio, since the results of reference 3 indicate 
that decreasing the thickness ratio had the opposite effect on the lift- 
curve slope and the differences in drag due to loss of leading-edge 
suction would probably be small for wings having the thicknesses used 

in these tests, particularly at a Mach number of 1.06. 


The most significant advantage observed for the wing having an 
aspect ratio of 2 was а large reduction of minimum drag at super- 
critical Mach numbers, as illustrated in figure 8(b) for & Mach number 
of 1.06. This reduction in minimum drag was sufficient to offset the 
greater drag due to increasing lift coefficient, thus giving generally 
higher maximum lift-drag ratios for Mach numbers greater than about 1.00. 
The pitching-moment characteristics were generally similar for all three 
wings at а Mach number of 0.70 but, ав Mach number increased to 1.06, the 
wing having an aspect ratio of 2 had lower stability for lift coefficients 
less than about 0.3. (See fig. B(b).) Above 0.3 lift coefficient the 
stability was about the same Рог all wings. It should be noted that 
on the basis of equal wing areas, the absolute travel of the aerodynamic 
center for Mach numbers from 0.70 to 1.06-might be greater for the wing 
of aspect ratio 2 than for the wing of aspect ratio 4 since the wing of 
aspect ratio 2 would have about lhl-percent-longer mean aerodynamic chord. 
Thus, for a lift coefficient of 0.3, the wing of aspect ratio 2 had 
about 3-percent-greater absolute travel of the aerodynamic center than 
the wing of aspect ratio 4; however, for a lift coefficient of 0, its 
travel was only about 20 percent as great. 


Effects of Tapered Thickness Ratio 


The effects of spanwise variation in thickness ratio are indicated 
Бу а comparison of the results for the wings reported herein with those 
having identical plan form but constant thickness ratios. Such а com- 
parison is shown in figures 9 to 13 wherein the pertinent aerodynamic 
parameters for the wings of tapered thickness ratio of this investigation 
and the wings of constant thickness ratio of reference 3 are presented 
аз functions of Mach number. Also shown are the parameters for wings 
of constant percent thickness having the same effective thickness ratio 
ав the wings of tapered thickness ratio. These parameters were obtained 
by fairing the results taken from reference 3. The effective thickness 
ratio represents a weighted value, as discussed in reference 4, and is 
defined by the relationship 
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The basis for this relationship stems from the transonic similerity rules 
for the rise of the minimum pressure drag at a Mach number of 1.0. (See 
ref. 2.) Тһе effective thickness ratios of the wings of aspect ratios 

4 and 2 were 0.047 and 0.024, respectively. No comparisons were made 

for the wing of aspect ratio 3 since comparative data were unavailable. 
It should be noted. that since the mean effective thickness is based on 
drag considerations, any agreement of the aerodynamic parameters other 
than drag might be fortuitous. 


The variation of lift-curve slope at zero lift with Mach number 
presented in figure 9 shows that for the wings having an aspect ratio 
of 4 (for which variations in thickness ratio had a significant effect 
оп lift-curve slope), the lift-curve slope of the wing of tapered thick- 
ness ratio was in reasonable agreement with that of the wing having the 
same effective thickness ratio of 0.087. Closer agreement was indicated 
for the wings of aspect ratio 2 but this would be expected for such low 
aspect ratio and for the thin wings being considered. 


Generally higher maximum lift coefficients are indicated in figure 
lO for the wings with tapered thickness ratio as compared with wings 
having the same effective thickness ratio. It can be observed that 
decreasing thickness ratio increased the maximum lift coefficient some- 
what. (See fig. 10.) It appears that this is the reason that the wings 
of tapered thickness ratio had greater maximum lift coefficients than 
wings whose thickness ratio equaled the root thickness ratio of the 
wings of tapered thickness ratio. It shouid be noted that the Reynolds 
numbers of the tests were low and also that the results might be sen- 
sitive to model surf&ce condition. The dependence of maximum lift on 
Reynolds number probably limits the usefulness of the maximum lift 
results to Reynolds numbers approximated by those of the test. 


The slopes presented in figure 11 of the pitching-moment curves for 
zero lift indicate that at subcritical Mach numbers for wings of aspect 
ratio 4, the aerodynamic center moved toward the leading edge with 
increasing thickness ratio. Since, at Mach numbers greater than 1.00, 
the &erodynamic-center position appeared practically independent of 
thickness ratio and was at about O.hOc for all thicknesses, the over-all 
movement of the aerodynamic center for the Mach number range of the 
investigation increased somewhat with increasing thickness ratio. The 
position and the transonic changes of the aerodynamic center for the 
wing of tapered thickness ratio were intermediate between those for 
wings having constant thickness ratio encompassing the thicknesses of 
the wing of tapered thickness ratio, 0.060с to O.020c. Although the 
pitching-moment-curve slopes for the wing having tapered thickness ratio 
and an aspect ratio of | were reasonably approximated by & wing having 
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the same effective thickness, 0.0472, а wing of the same average thick- 
ness, О.ОНОс, appeared to give closer agreement. For the wing having an 
aspect ratio of 2, the over-all effects of thickness ratio and its taper 
on the movement of the aerodynamic center appeared small for the thick- 
nesses considered, except for Mach numbers slightly less than 1.0. 


A reasonably close approximation to the minimum drag of the wings 
having tapered thickness ratio is indicated in figure 12(8) by wings 
having the same effective thickness. Except at the lower subsonic Mach 
numbers for the wing of aspect ratio 4, similar close agreement of the 
drag is shown in figure 12(b) for а lift coefficient of O.4. It is 
evident that at least for the wing having an aspect ratio of kh, the 
selection of a wing having the same average thickness, 0.040c, Рог com- 
parison would give poor agreement at supercritical Mach numbers. This 
is some justification for the procedure used to evaluate the effective 
thickness. The good agreement of the drag characteristics of wings 
having tapered thickness ratio with wings of the same effective thick- 
ness was reflected by similar agreement of the maximum lift-drag ratios 
shown in figure 13. 


CONCLUDING REMARKS 


The results of а transonic wind-tunnel investigation of wings 
having aspect ratios of 4, 3, and 2 and correspondingly reduced thickness 
ratio to provide equal bending stress show that the resultant combined 
effects of reducing aspect ratio and thickness ratio produced large 
reductions in minimum drag at transonic speeds. This reduction of 
minimum drag was sufficient to offset the greater drag due to lift and led 
to generally higher maximum lift-drag ratios for Mach numbers greater than 
about 1.00. As might be expected, decreasing the aspect ratio reduced the 
lift-curve slope and overshadowed any effects of reduced effective thick- 
ness ratio. Good agreement was indicated for the lift-curve slope and 
the dreg characteristics between the wings tapered in thickness ratio 
and the wings of equivalent uniform thickness ratio. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif., Feb. 18, 1954 
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Wing geometry 
L^ | ш | мны | ^ | дата | sah 
(roof) (tip) chord | sg ft 
_4 | 24206 | 4404 0.556 | 0.347 
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NACA NACA 
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Моје: АП dimensions in feet unless otherwise specified. 


Figure l- Dimensions ond plan forms of the three wings. 
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Figure 2.- The variation of thickness ratio with semispon station for the three 
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Figure 3.- The wing having an aspect ratio of l mounted on the transonic 
bump in the Ames 16-foot high-speed wind tunnel. 
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Figure 4.- Typical Mach number contours over the bump. 
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(а) Lift characteristics. 


Figure 5.- The aerodynamic characteristics of the wing having an aspect ratio of 4. 
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(c) Drag characteristics. 
Figure 5.- Concluded 
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(а) Lift characteristics. 


Figure 6.- The aerodynamic characteristics of the wing having an aspect ratio of 3. 
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(8) Pitching-moment characteristics. 
Figure 6. 
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(с) Drag characteristics. 


Figure 6.- Concluded. 
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(a) Lift characteristics. 
The aerodynamic characteristics of Те wing having an aspect ratio of 2, 


~ 


Hie ГЕ 
ЙА СУ шы 
“COS НА У 


Q= 


20 Angle of attack, а, deg 


е 4) 
та 


0-8 


НЕН: 
_| ||| [| | | ||| | ||| 


T 


“= "ERE bi 
КК, ши 


_| МОД Ра Aa | ||| 


от КЕ RB TI) 75 
Г К,» 
ЕСО С 

ОЧЕ... 
Ш ШЕ $ 


оз о © © ~ N о о +! 


~ ~ * - т - г V 


7) *9u8/2/4/802 4277 


Gara 


Figure 7. 





for M of 050 P 


20 


| 





= О — 





94 


Hints 
шш їс чинар» TS 


— = 





‚90 
(b) Pitehing-moment characteristics. 


е moment coefficient, ст 
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Figure Z- Continued. 
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Figure Z- Concluded, 
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Figure 8.- The litt, drag, and pitching-moment characteristics of the wings. 
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Figure 9.- The variation of lift-curve slope with Mach number. 
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Figure /O.- The variation of maximum lift coefficient with 
Mach number. 
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Figure ll- The variation of pitching-moment-curve slope with 
Mach number. C, =0. 
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(а) Litt coefficient, 0. 


Figure /2.- The variation of drag coefficient with Mach number. 
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(b) Lift coefficient, O.4. 
Figure 12.- Concluded. 
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Figure /3.- The variation of maximum lift-drag ratio with 
Moch number. 
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